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Abstract

The article investigates the effect of thermal modification of porous carbon material (PCM), obtained from plant
feedstock, on its morphology and fractal structure by small-angle X-ray scattering (SAXS) method. The analysis of
the scattering intensity curves serve the basis for calculating the parameters of the PCM porous structure: the Porod
constant, the Porod invariant, average pore radius, specific surface area, and mass and surface fractal dimensions. It
has been found out that the PCMs obtained have fractal structure, formed from mass and surface fractals, the sizes
of which increase at the growth of temperature and modification time.

Keywords: Porous carbon material; Small-angle X-ray scattering; Mass and surface fractals

PACS: 81.05.Uw; 61.05.cf; 82.47.Aa
Background
One of the principal ways to improve the existing and
create new electrochemical technologies is the develop-
ment of new electrode materials, possessing necessary
properties: high electrocatalytic activity, stability, and
abundance of original components [1]. These require-
ments can be provided by creating electrodes on the
porous carbon material (PCM) bases that are actively
used as electrode materials for primary and secondary
chemical power sources and supercapacitors [2-7]. In
particular, we have found out that the specific capacity
of lithium power sources on the PCM bases, obtained
by hydrothermal carbonization of apricot pits at diffe-
rent temperatures, depends mainly on its specific area
and electrical conductivity [8,9]. The maximum value
of specific capacity (1.138 mА · h/g) has the electro-
chemical system on the basis of PCM, obtained at the
carbonization temperature of 750°С. It is evident that to
increase the specific energy characteristic of the ele-
ments, it is necessary to perform intentional change of
PCM structure and morphology by means of different
types of processing and modification. The most common
ways of modification are thermal, chemical, and laser
modifications of PCMs [10-12]. To study changes caused
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by such modifications a wide range of methods are cur-
rently used: X-ray diffraction method [13], small-angle
X-ray scattering (SAXS) [14-16], small-angle neutron
scattering [16-18], gas adsorption/desorption [19-21],
scanning tunnel microscopy [22], atomic force micros-
copy [23], and transmission electron microscopy [24].
Each of these methods has its advantages and disadvan-
tages, but they provide a possibility to obtain important
information about the porous structure of the materials
(specific area, total pore volume, micropore volume, di-
mensions and forms of pores, their size distribution,
fractal structure, etc.). The advantages of SAXS method,
in comparison with other methods, may include the fol-
lowing [25,26]: (1) it is sensitive to both closed and open
porosity, (2) SAXS intensity profiles are sensitive to
shape and orientation of the scattering, (3) the method
can be used to investigate samples that are saturated
with liquids, (4) it can be used to investigate the pore
texture of materials under operating conditions. Thus,
the aim of the work is to perform thermal modification
of PCM at different temperatures and times and to in-
vestigate the effect of this modification on its morph-
ology and fractal structure using the SAXS method.
Methods
The initial standard was PCM, obtained by method of
hydrothermal carbonization of plant material at a
temperature of 750°С. It was modified at temperatures
is is an Open Access article distributed under the terms of the Creative
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inal work is properly credited.

mailto:mandzyuk_vova@rambler.ru
http://creativecommons.org/licenses/by/2.0


Figure 1 SAXS spectra of PCMs (modification time is 1 h).

Figure 2 To definition of Porod constant.
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Тmod 300°C, 400°C, 500°C (modification time tmod was
0.5, 1, 1.5, 2, 2.5, and 3 h), and 600°С (tmod was 0.25, 0.5,
0.75, and 1 h) in the air in a muffle furnace SNOL-40/
1300. Less PCM modification times at the temperature
600°С can be explained by the fact that at the given
temperature, further thermal treatment leads to the
complete material burn-off.
To determine the structural parameters of the mate-

rials investigated, the SAXS method was applied, as it is
widely used to study structural heterogeneities of nano-
metric scope in disperse systems, including porous ma-
terials [27]. SAXS experiments were performed using
X-ray diffractometer in CuKα radiation (λ = 1.5418 Ǻ),
monochromated by reflection from the (200) plane of
LiF monocrystal, as X-ray beam passed through the
standard. To restrict the parasitic scattering from the
monocrystal monochromator and entrance slits and to
reduce the intensity of the background scattering, the
collimators of primary and scattered beams were used.
The collimation system allows to measure SAXS spectra,
starting with s = 0.015 Ǻ−1 (where s ¼ 4π

λ sinθ and is the
wave vector, and θ is the half of the scattering angle).
The slit 0.1 mm in size was placed in front of the de-
tector, it corresponded to the space division of the
detector Δ(2θ)d = 0.02°. The scattering radiation was re-
corded at the scanning mode at a step of 0.05°; the ex-
posure interval was τ = 125 s. In the range of the
smallest scattering angles, the scattering radiation was
overlapped with the primary beam, weakened by the ab-
sorption in the standard. To exclude the influence of the
primary beam on the scattering intensity, the following
formula was used:

I� 2θð Þ ¼ Iexp 2θð Þ−T ⋅I 0 2θð Þ;

where I*(2θ) is the actual scattering intensity, Iexp(2θ) is
the experimental scattering intensity, I0(2θ) is the inten-
sity distribution in the primary beam, and T = Iexp(0) / I0
(0) is the transmission coefficient (intensity proportion
of the primary beam, passing through the standard at
the zero position of detector). The obtained scattering
intensity curves include the collimation adjustment for
altitude of the detector receiving slit.

Results and discussion
As follows from the SAXS results, the obtained spectra
are in the form of curves, monotonously decaying in the
whole angular measurement interval. It indicates the
chaotic distribution of the scattering heterogeneities
(pores) and respectively the absence of correlation in
their relative positions (Figure 1).
To determine the parameters, characterizing the por-

ous structure of the materials investigated, the original
scattering intensity curves were analyzed. The following
asymptotic Porod approximation is correct for the slit
collimation system:

ln s 4 I sð Þ� � ¼ lnK p þ σ 2s 2;

describing the behavior of the scattering intensity curves
for large s. The parameter σ characterizes the state of
the interphase surface. In particular, for σ = 0, the pore
surface is smooth, for σ < 0 the surface is diffuse, and the
value σ > 0 indicates the existence of fluctuations in the
electron density of the material, which is characteristic
of fractal objects. If there is the dependence ln {s4 I(s)}
vs. s2, it will described by linear function at large s
(Figure 2). The extrapolation of this linear dependence
to s = 0 allows us to find the Porod constant Kp.
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If the Porod constant Kp is known, the Porod integral
invariant Q may be calculated by the formula

Q ¼
Z∞

0

s 2 I sð Þds ¼
Zs 0

0

s 2 I sð Þdsþ K p=s 0:

To calculate the effective micropore radius Rp and the
specific surface area Sп, the following formulae were
used:

Rp ¼ 4Q
πKp

;

Sn ¼ πw 1−wð Þ
ρm

⋅
Kp

Q
;

where ρm is the actual material density that in turn de-
pends on the structural material density ρx and porosity
w according to the equation ρ m = (1 − w) ρ x (structural
material density is about 2 g/cm3).
The results of the calculations conducted for PCM,

modified at 300°С, show the non-monotonous changes
in parameters of the porous structure (Table 1). The
pore volume and pore surface area reach the greater
value after modification for 1.5 h. In this case, the pore
radius decreases up to 1.7 nm. The shape of the intensity
curves of the initial standard and modified ones is simi-
lar. As can be seen from the curves in Figure 3, there
are linear sections on the intensity curves the slope of
which is in the range of 1 < n < 3. This result indicates
the fractal distribution of heterogeneities. The samples
contain the generated small-scale volumetric fractal
structure, formed by carbon nanoclusters, the size of
which can be calculated by the formula L1 ≈ 2 π / s2,
where s2 is the lower limit of the fractal mode on the
scale s.
In addition to the small-scale structure, there forms

the large-scale cluster structure, formed by clusters with
the size of L > L1 ≈ 2 π / s1. The scattering from those
clusters is observed in the range s < s1. The slope of the
linear section at s < s1 is in the range 3 < n < 4, which
Table 1 The parameters of porous and fractal structure of PC

tmod (h) Q (nm−3) Kp (nm−4) ρm (g/сm3) w

0 2,502 1,640 0.71 0.76

0.5 2,624 1,860 0.59 0.71

1 2,657 1,800 0.63 0.69

1.5 2,698 2,020 0.63 0.69

2 2,670 1,920 0.63 0.69

2.5 2,679 1,880 0.63 0.69

3 2,786 1,990 0.63 0.69
indicates the formation of the fractal surface of large-
scale carbon clusters.
As can be seen from Table 1, the fractal dimension of

the cluster surface increases at the increase of material
modification time. It should be noted that there are no
linear section on the intensity curve of the sample modi-
fied for 1 h; that is probably the evidence of the chaotic
(non-fractal) distribution of heterogeneities.
The increase of the modification temperature to 400°С

and 500°С leads to the substantial change of the parame-
ters of the porous structure of carbon materials in com-
parison to that modified at 300°С. The most substantial
changes at the mentioned modification temperatures
can be observed at the modification times 1.5 ÷ 3 h
(Tables 2 and 3). First of all, it depends upon the in-
crease of the porosity value resulting from the partial
burn-off in the near-surface layers of the carbon parti-
cles and decrease of the PCMs' actual density.
Let us analyze the changes in the parameters of the

PCM fractal structure modified at temperature 400°С
(scattering intensity curves in double logarithmic coordi-
nates for PCMs, modified at temperatures 400°С, 500°С,
and 600°С, are not provided in the article, as their
forms are similar to the dependences lg I(s) = f{lg(s)} in
Figure 3).
The intensity curve of the sample, modified for 0.5 h,

represents the linear section, the slope of which n1 = 2.4
indicates the formation of the volumetric fractal struc-
ture with the dimension of Dv = 2.4. A similar situation
can be observed for the initial standard. One can assume
that in the range of wave vectors (s1, s2), there is the
scattering of nanoclusters, the sizes of which can be cal-
culated by the formula L0 ≈ 2 π / s2 ≈ 7 nm. In the range
s < s1, the linear section may be observed, the slope of
which n2 = 2.8 indicates the formation of another system
of fractal clusters with the size of L ≈ 2 π / s1 ≈ 20 nm,
the distribution of which is of the volumetric character.
Thermal modification for 1 h leads to the substantial

change of the fractal structure. On the intensity curve in a
wide range of scattering angles, there is the linear section
with the slope n2 = 3.3. Such shape of the scattering inten-
sity is characteristic of the porous two-phase system
M modified at 300°C

Sn (m
2/g) Rp (nm) L1 (nm) L2 (nm) Dv Ds

529 1.9 7 16 2.4 2.6

785 1.8 7 16 2.7 2.2

729 1.9 - - - -

805 1.7 8 16 2.5 2.3

773 1.8 7 25 2.5 2.3

755 1.7 4 21 2.55 2.7

768 1.8 9 25 2.4 2.7



Figure 3 SAXS curves in double logarithmical coordinates. Initial PCM (a) and modified ones at 300°C for 0.5 h (b), 1 h (c), 1.5 h (d), 2 h (e),
2.5 h (f), and 3 h (g).
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(carbon matrix pore) with fractal interphase surface. In this
case, the dimension of the fractal surface is Ds = 6 − n2 = 2.7
(Table 2). Departure from linearity at small scattering an-
gles (s < s1) is caused by the transition to the Guinier mode,
for which the dependence I(s) is described by the formula

I sð Þ ¼ I 0ð Þ⋅ exp −R 2
g s

2=3
n o

, where Rg is the radius of gyr-

ation of the scattering heterogeneities. The Guinier mode
Table 2 The parameters of porous and fractal structure of PC

tmod (h) Q (nm−3) Kp (nm−4) ρm (g/сm3) w

0 2,502 1,640 0.71 0.76

0.5 2,459 1,450 0.63 0.69

1 2,406 1,470 0.63 0.69

1.5 2,323 1,500 0.63 0.69

2 2,354 1,560 0.59 0.71

2.5 2,214 1,630 0.56 0.72

3 2,177 1,500 0.53 0.74
corresponds to the independent scattering by carbon clus-
ters with the radius of R c ¼

ffiffiffiffiffiffiffiffi
5=3

p
R g in the approximation

of their spherical form.
In the range of s > s2, there is scattering of monodis-

perse heterogeneities with the size of rc. Similarly, the
scattering at s > s2 is described by the Guinier formula.
One can assume that the objects investigated are formed
by the carbon clusters with the radius Rc and with the
M modified at 400°C

Sn (m
2/g) Rp (nm) Rс (nm) rc (nm) Dv Ds

529 1.9 - - 2.4 2.6

634 2.2 - - 2.4 2.8

657 1.9 13 2.0 - 2.7

694 1.9 14 2.0 - 2.4

734 1.9 15 2.5 - 2.2

832 1.7 16 2.5 - 2.1

795 1.8 16 3.0 - 2.0



Table 3 The parameters of porous and fractal structure of PCM modified at 500°C

tmod (h) Q (nm−3) Kp (nm−4) ρm (g/сm3) w Sn (m
2/g) Rp (nm) Rс (nm) rc (nm) Dv Ds

0 2,502 1,640 0.71 0.76 529 1.9 - - 2.4 2.6

0.5 2,226 1,310 0.56 0.72 665 2.2 12.5 2.5 - 2.5

1 2,237 1,500 0.53 0.74 774 1.9 14.0 3.0 - 2.4

1.5 2,273 1,510 0.53 0.74 767 1.9 14.0 2.5 - 2.2

2 2,249 1,470 0.43 0.79 806 1.9 14.0 2.0 - 2.0

2.5 2,183 1,600 0.41 0.80 915 1.7 15.0 2.0 - 2.0

3 2,230 1,610 0.39 0.81 912 1.8 15.0 1.5 - 2.0
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extended surface, which in turn, consist of nanoclusters
with the radius rc. Thus, the values rc and Rc define the
lower and upper limits of the self-similarity of fractal
surface. Further increase of the PCM modification time
results in quantitative changes in structural parameters.
In particular, the fractal dimension of the interphase sur-
face increases, and modification for 2.5 to 3 h leads to
the transition from fractal boundary to smooth one with
the dimension of Ds = 2. Besides, there is the increase in
the sizes of carbon nanoparticles rc and fractal clusters
Rc (Table 2).
In case of PCM, modified at 500°С, the scattering in-

tensity curves are characterized by the linear section in
the wide range of scattering angles, the slope of which
changes within the limits 3 < n2 < 4. Such values n2 indi-
cate on the scattering by the fractal surface with the
dimension Ds = 6 – n2. In this case, the materials
investigated can be also viewed as two-phase porous sys-
tems with the fractal interphase surface. The increase of
the modification time leads to the decrease of the fractal
dimension and transition to smooth interphase surface
(Ds = 2) after modification for 2 h. It should be noted
that the shape of the intensity curves for PCMs, modi-
fied at 400°С and 500°С, is similar. Thus, thermal modi-
fication at those temperatures leads to the formation of
PCMs, formed by carbon clusters with the radius Rc and
fractal surface, which in turn, consist of nanoclusters
with the radius rc (Table 3).
Thermal modification of the initial standard at 600°С,

as compared to the treatment at 400°C and 500°С, leads
to a more significant increase of the pore specific vol-
ume and surface area at the same modification times be-
cause of a higher heat-treatment temperature (Table 4).
Table 4 The parameters of porous and fractal structure of PC

tmod (h) Q (nm−3) Kp (nm−4) ρm (g/сm3) w

0 2,502 1,640 0.71 0.76

0.25 2,496 1,740 0.58 0.71

0.5 2,553 1,780 0.56 0.72

0.75 2,584 1,950 0.56 0.72

1 2,482 1,860 0.56 0.72
The analysis of the scattering intensity curves in double
logarithmic coordinates shows the scattering at the
interphase fractal surface with the dimension Ds = 2.55 ÷
2.60. It is characteristic that the increase of the modifica-
tion time does not change the fractal dimension of the
surface. Thus, the objects investigated can be viewed
also as two-phase porous structures, produced by the
carbon clusters with the radius Rc, formed from nano-
clusters with the radius rc, and pores with the extended
fractal surface.

Conclusions
The thermal modification of the initial material at
temperature 300°С results in the formation of PCM with
the fractal structure, formed by mass fractals with the di-
mension Dv = 2.4 ÷ 2.7, which combine in the surface
fractal aggregates with the dimension Ds = 2.2 ÷ 2.7. The
increase of the modification time leads to the growth in
the sizes of both types of fractals.
The increase of the modification temperature to 400°С

and 500°С leads to the increase of the pore volume and
pore surface area. PCM, modified for 0.5 and 1 h, was
formed by carbon clusters with the radius Rc, which con-
sists of the nanoclusters with the radius rc. The increase
of the modification duration not only leads to the
growth in the sizes of carbon nanoparticles and fractal
clusters but also causes the transition from fractal to
smooth boundary surface (Ds = 2) at tmod = 2.5 to 3 h.
Thermal treatment at 600°С and less process dur-

ation leads to more substantial changes in the pore
specific volume and surface area, the maximum of
which is observed at tmod = 0.75 h. Besides, PCM are
the two-phase porous structures, produced by carbon
M modified at 600°C

Sn (m
2/g) Rp (nm) Rс (nm) rc (nm) Dv Ds

529 1.9 - - 2.4 2.6

777 1.8 16 2.0 - 2.6

788 1.8 15 2.5 - 2.55

853 1.7 15 2.5 - 2.6

847 1.7 15 2.0 - 2.6
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clusters, formed from nanoclusters, and pores with
the extended fractal surface. The increase of the
modification duration does not change the surface
fractal dimension (Ds = 2.55 ÷ 2.60).
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